The lithography is a basic microelectronic process which determines properties of fabricated device. The resolution of optical lithography applied nowadays is insufficient for creating high resolution patterns such as gate electrode in transistors. The scaling ability is the major motivation for undertaking experiments to elaborate high resolution lithography techniques. The atomic force microscope (AFM) is commonly used as tool for creation patterns in sub-micrometers resolution. In this paper, the results of simulations of electromagnetic field behavior during passing the gap with a size smaller than the wavelength of the optical lithography light source are presented. Also results of the nanoscratching lithography prepared for various parameters of force that are applied to the tip are summarized. 
Introduction
The resolution of optical lithography depends on the thickness of resist layer and wavelength of used electromagnetic radiation. Typically it is not possible to reach resolutions higher than 600 nm. Resolution of the patterns made by AFM depends on tip geometry and is much higher than optical lithography. In AFM each pattern is formed by chemical or mechanical interaction of the tip and the sample. AFM lithography includes various techniques which enable creation of patterns, but three of them are most often used. The first one is local oxidation of the sample * E-mail: maria.ramiaczek-krasowska@pwr.wroc.pl surface. The main drawback of this method is confined group of materials which could be applied (e.g. silicon, titanium or aluminum substrates). The oxide is formed as a result of presence of a monolayer of water adsorbed on the surface and current flow [1] . The resolution of this technique is higher then 10 nm [1] . The second one is dip-pen method in which AFM tip is used as a nanopencil that deposits material on the surface [1] . AFM local oxidation as well as dip-pen method use chemical interaction. Resolution of this technique depends of the type of ink. For inorganic ink the resolution is 140 nm, for organic ink this is 30 nm and above 400 nm for biological ink [1] . The third type of AFM lithography method is nanoscratching or nanoscribing. In this technique the pattern is formed by mechanical interaction of the tip on the surface [2] . The force applied to the tip during creation of scratches highly exceeds the force used when imaging of the sample surface topography. The appropriate value of the force depends on type of the surface and influences the depth of scratch. In this method modification of the surface of the semiconductor, resist and metal is possible [3] [4] [5] [6] .
Another tool which enables nanoscratching is a nanoindenter. This system can be integrated with AFM microscope. In this method, it is easier to control the depth of scratching, force applied to the tip, because of typical use of this device [7, 8] . In nanoindentation, the tip is moved with use of electrostatic actuation. Tips used in nanoindenters have different constructions and parameters, like tip radius. In AFM, tip radius is typically less, than 20 nm. The tips used in nanoindenters have a radius larger, than 40 nm and is typically 150 nm 1 .
Experiments
The scheme of experiments conducted on the application of nanoscratching with optical lithography is presented in Fig. 1 . The process started with coating the sample by double-layer of resist and thin gold film (Fig. 1a) . The thicknesses of layers were as followed: LOL -250 nm, SPR -1200 nm, gold -150 nm. During experiments the commercially available Shipley resists and lift-off technique were used. After deposition of mask metallic layer, the sample was directly placed in the holder of the AFM microscope. Topography scans were made before scratching and did not reveal any cracks of the gold layers. The AFM surface scans taken after the scratching process showed some debris along the scratch track. Nevertheless these defects did not restricts fabrication of proper metallization paths. On properly prepared samples patterns in gold layer (Fig. 1b) by nanoscratching was created. In the next step the resist was exposed in optical lithography and developed ( Fig. 1c) by application of appropriate procedure. Irradiation of the photoresists double-layer through the scratched gap was carried out by MA-56 system; Carl Zuss. In this step the thin gold film evaporated on the sample played as a lithography mask. To guarantee appropriate adhesion of metallization, the semiconductor surface was etched in HCl:H 2 O (1:1) solution by 30 seconds. After that the sample was loaded into an ultra high vacuum system when metallization was deposited (Fig. 1d) . After completion of all mentioned steps the lift-off procedure was carried out. The double-layer resist and thin metal mask were removed. As a result of this operation only the test structure of metallization remained on the semiconductor substrate (Fig. 1e) . The AFM system used in the experiments was Veeco Multimode V. The scratching was made on the area of 10 × 10 µm 2 in contact mode. The topography scan was made in tapping mode. For scratching and topography the silicon tip of nominal force constant of the cantilever 40 N/m and tip radius of 10 nm was used 2 . The profile after exposure and development was investigated by tip with high aspect ratio and tip radius less than 15 nm 3 . The optimization of scratching parameters like: force applied to the tip and scratching speed was necessary. Based on earlier experiments optimum scratch speed was established to be 10 µm/s [9] . The force applied to the tip in this case had to be optimized because of the alteration of the thickness of gold layer.
Results

Simulations of behavior of electromagnetic field during passing the gap which size is smaller than wavelength
Simulations were prepared in a purpose of specification of the influence of interference and diffraction appearing during exposure of the resist. Occurring effects could play an important role during irradiation through the gap which dimensions are comparable with the wavelength of the applied light source and thus could not be omitted. Modelling of behavior of electromagnetic field during passing the gap which size is smaller than the wavelength of optical source in process was made by RF module of Comsol Multiphysics package which use the finite-element method for solving Maxwell equations. Scheme of the elaborated model used to is shown in Fig. 2a Interaction between electromagnetic field and thin film of metal and photoresist could be reduced to only two polarizations of electromagnetic field. This simplification is valid while electromagnetic field does not change in the direction parallel to the centre line of the scratch. Applied assumption permitted for restriction of simulations to polarizations TE (E z , H x , H y ) and TM (H z , E x , E y ). Coordinate system is presented in Fig. 2b . Simulation was carried out for parameters values as follows: wavelength -365 nm, thickness of gold layer -50 nm, window width -400 nm. Energy distribution of the electromagnetic field behind the window for both polarizations, along the -axis is shown in Fig. 3 . The difference between presented energy distributions could be explained by the phenomenon of charging the capacitor, which is created by the gold layer as a electrode and air-gap as a dielectric, in case of TE polarization. Peaks occurring for TM polarization are associated with a sharp gold edge, impossible to obtain in nanoscratching. Fig. 4 presented the energy of distribution of electromagnetic field in photoresist along the -axis which behavior for TE and TM polarizations are similar. Based on these simulations contrast of metallic layer as a function of layer thickness for both polarizations and gap width of 200 nm was defined. Results of this simulations are presented in Fig. 5 . The contrast was defined as relation of the area under curve in the gap to the area under curve outside the gap.
Calculations of contrast showed that gold layers thicker than 100 nm are opaque for electromagnetic field. In this case value of the contrast remained unchanged for both polarization. 
Nanoscratching and lithography results
Depth of scratch depends on the force applied to the tip. Because the thickness of the material that should be removed was 150 nm the force applied to the tip was larger than 50 µN. The topography of surface after scratching is showed in Fig. 6a .
After this step the substrate was exposed and developed. The topography of surface after these operations is presented in Fig. 7a . In Fig. 7b the profile on surface made by tip with high aspect ratio is depicted. Analysis of this profile revealed that resist was exposed and developed completely. Difference of level of metallization and substrate on line 4 is equal to summarized thickness of resists and gold layer.
Topography of surface with evaporated metallization patterns after completion of all technology steps is shown in Fig. 8a . The simultaneously profile of the pattern was investigated in the purpose of method resolution determination ( Fig. 8b -booth curve) . Resolution of the line created by use of joint nanoscratching and optical lithography technique in the investigated case was comparable with the thickness of gold layer used as a mask for optical lithography. In Tab. 1 the geometrical parameters of fabricated test structures were collected. and its width was 150 nm. The metallization pattern was imperfect but fully mapped the window created in gold layer used as a mask.
Conclusions
In this paper the application of the AFM as a nanolithography tool was discussed. During investigations the patterns were created by nanoscratching technique. Prepared experiments were conducted for verification of possibility of applications of elaborated technique for creation of patterns with increased resolution. Additionally simulations of the light beam with wavelength comparable to the dimensions of scratched gap passing mentioned gap were conducted. Modeling results indicated on optimal thickness of gold layer used as a mask to be of 100 nm. Also diffraction and interference phenomena influence on process of resist exposure were excluded. Based on experimental results application of AFM microscope as a nanolithography was confirmed, but required optimization of scratching parameters and thickness of resist and gold layer used as a mask during optical lithography. The resolution of patterns created by the elaborated technique was considerably higher than resolution of optical lithography and reached 150 nm. This work presented the application of the AFM nanolithography in devices technology.
